Background-Evidence for efficacy of dual antiplatelet therapy in stroke is limited. Symptomatic carotid stenosis patients are at high risk of early recurrent stroke. In this group, asymptomatic microembolic signals (MES), detected by transcranial Doppler ultrasound (TCD), are markers of future stroke and transient ischemic attack (TIA) risk. They offer a surrogate marker to evaluate antiplatelet therapy, but no multicenter study has evaluated the feasibility of this approach.
A spirin is the mainstay of antithrombotic medication in the secondary prevention of noncardioembolic stroke and transient ischemic attack (TIA); however, it prevents at best a fifth of recurrent strokes. 1 Combination antiplatelet therapy increasingly is being used in ischemic heart disease, but evidence for its efficacy in preventing stroke is limited. Recent studies suggest that the risk of very early recurrent stroke in patients with minor stroke or TIA has been under-estimated and may be as high as 8% to 12% at 7 days. 2, 3 The risk is particularly high in patients with carotid artery stenosis, 4 suggesting that more aggressive antiplatelet therapy may be indicated in this patient group. Clinical trial evidence for such an approach is still forthcoming.
Trials of antiplatelet agents in stroke prevention are a major undertaking, requiring thousands of patients to demonstrate reductions in clinical end points. There is a large gulf between preclinical studies evaluating antiplatelet effects and trials with the clinical end point of stroke. Ex vivo assessment of platelet function does not always correlate with clinical efficacy, and animal models may not reflect processes ongoing in the complex atherosclerotic plaque. Therefore, there is a need for an in vivo surrogate marker that can be used to assess antiplatelet efficacy in humans and optimize choice and dosage of agents before evaluation in large clinical trials.
Increasing evidence suggests that asymptomatic microembolic signals (MES), detected by transcranial Doppler ultrasound (TCD), offer such a marker. TCD is a painless noninvasive technique that allows prolonged monitoring for periods of an hour or longer. Validation studies demonstrated that it is highly specific and sensitive in detecting platelet and thrombus emboli. 5, 6 MES have been recorded in patients with a wide variety of embolic sources; their clinical significance varies according to their source. 7 Considerable data suggest that they are useful markers of risk in patients with carotid stenosis. During a single hour's recording from the ipsilateral middle cerebral artery, asymptomatic embolization has been reported in Ϸ40% of patients with symptomatic carotid stenosis. 8 -12 MES are more common in patient groups known to be at higher risk of recurrent stroke, including those with more recent symptoms, 10, 13 plaque ulceration, 10,14 -15 tighter stenosis, 10 and symptomatic versus asymptomatic status. 8 In carotid stenosis, MES are an independent predictor of TIA and stroke risk. 10,16 -19 In a small acute study, their frequency was reduced, but not abolished, by intravenous aspirin. 20 Small single-center studies suggest that dual antiplatelet therapy, with aspirin in combination with the nitric oxide donor S-nitrosothiol 21 or the glycoprotein IIb/IIIa inhibitor tirofiban, 22 is more effective than aspirin alone. Still, no multicenter study has yet used MES detection to evaluate antiplatelet efficacy.
The Clopidogrel and Aspirin for Reduction of Emboli in Symptomatic Carotid Stenosis (CARESS) trial was designed to evaluate the efficacy of dual antiplatelet therapy with clopidogrel and aspirin, compared with aspirin alone, on asymptomatic embolization in patients with recently symptomatic carotid stenosis. Clopidogrel is an ADP-receptor antagonist that has synergistic effects when given in addition to aspirin on both ex vivo platelet aggregation and thrombus formation in animal models. 23 In the Clopidogrel Versus Aspirin in Patients at Risk of Ischemic Events (CAPRIE) trial, 24 the ischemic stroke patients receiving clopidogrel monotherapy showed a reduction in recurrent cardiovascular events compared with those on aspirin alone. Moreover, in patients with unstable angina 25 and after coronary stenting, 26 combination therapy with clopidogrel and aspirin is more effective than aspirin alone. On the other hand, recent data from the MATCH trial have shown that the combination is no better than clopidogrel alone in long-term secondary prevention of ischemic stroke. 27
Methods
CARESS is a randomized, double-blind, multicenter, prospective study performed in 11 centers in France, Germany, Switzerland, and the United Kingdom. It was designed to evaluate whether clopidogrel in combination with aspirin is superior to aspirin alone in reducing the incidence of MES detected by TCD in patients with recently symptomatic carotid stenosis. Patients were screened with TCD to identify those in whom MES could be detected, and only those in whom MES were detected were randomized to treatment. All patients gave signed informed consent, and local ethics committees for all participating centers approved the study.
Inclusion Criteria
Patients were eligible for inclusion if they were aged Ͼ18 years, had Ն50% carotid stenosis, and had experienced ipsilateral carotid territory TIA (including amaurosis fugax) or stroke within the last 3 months. Carotid stenosis Ն50% was established by color-coded carotid duplex ultrasound with the use of published criteria, 28 including peak flow velocity Ն120 cm/s. Eligible patients were then screened with TCD (see below).
Exclusion Criteria
Patients were excluded from enrollment if any of the following criteria were met: clinical and/or brain CT findings compatible with hemorrhagic transformation; recent strokes with focal hypodensity in Ͼ33% of corresponding middle cerebral artery territory on initial CT scan or National Institutes of Health Stroke Scale score Ͼ22 29 ; carotid endarterectomy scheduled within the next 2 weeks; acoustic window that did not allow TCD recordings; atrial fibrillation or other major cardiac source of embolism; thrombolysis within the last 2 weeks; anticoagulation within the last 3 days; administration of antiplatelet agents other than aspirin within the last 3 weeks (3 days for dipyridamole extended release); history of clinically significant or persistent thrombocytopenia or of bleeding diathesis or coagulopathy; history of clinically significant or persistent neutropenia; history of drug allergy to thienopyridine derivatives and/or aspirin; inability to provide written informed consent; and women of childbearing potential who were not on an effective method of contraception or who were breast feeding.
TCD Recordings
At each time point, TCD recordings were made from the middle cerebral artery ipsilateral to the symptomatic carotid stenosis. All recordings were made with the use of either EME/Nicolet Pioneer or Companion or DWL Multidop equipment with a 2-MHz transducer. Standard recording settings were used, as recommended in International Consensus Criteria, 30 with a sample volume of 4 to 5 mm and a sweep speed of 4 to 5 seconds. No intensity (dB) threshold was used. The raw Doppler audio signal was recorded onto digital audiotape for subsequent central analysis. In addition, for each recording the local investigator monitored recordings online to identify MES. Central blinded offline analysis was used for primary end point evaluation, but online analysis of the baseline recording was used to identify whether the patient had MES and therefore was eligible for recruitment. Before study commencement, standard tapes were distributed among centers for blinded evaluation, training was given where necessary, and a high level of intercenter reproducibility in identification of MES was obtained. The central reading center (Muenster, Germany) was validated against a second experienced center (St George's, London, United Kingdom) on a subset of 11 randomly selected 1-hour recordings, one from each study site, containing a total of 203 MES found by either center. The proportion of specific agreement 31 between the 2 centers was 0.802, meaning that 80.2% of the signals found by one center were also found by the other.
Treatment Protocol
A 1-hour TCD recording was performed on eligible patients. If Ն1 MES were identified, the patient was then randomized to receive either a 300-mg loading dose of clopidogrel on day 1, followed by 75 mg once daily until day 7, or matching placebo. Patients were randomized by center in balanced blocks of size 4. Both arms also received aspirin 75 mg once daily for the duration of the study (Figure 1 ). All study drugs were administered orally. Repeated TCD recordings were made for 1 hour on days 2 and 7. All TCD recordings were performed at the same time of day for individual patients (Ϯ2 hours). Concomitant use of the following treatments was restricted: anticoagulants, thrombolytic agents, additional antiplatelet agents, and all analgesics except paracetamol and opioids.
End Points
The prespecified primary end point was the proportion of patients who were MES positive, as detected by analysis by the central reading center, on the 1-hour recording performed on day 7. Prespecified secondary end points were the proportion of patients who were MES positive on day 2, the rate of embolization (number of MES per hour) on both days 2 and 7, and their percent change from baseline. Specified safety end points were the presence of any adverse events and cerebrovascular events (TIA, ischemic stroke, and cerebral hemorrhage). The protocol required that if a cerebrovascular event occurred, it was reported as a serious adverse event, and brain imaging with CT or MRI was performed to exclude hemorrhage. The final diagnosis of TIA or stroke relied on the investigator's judgment. An event was considered treatment emergent if its onset time was after the first study drug administration and before the study completion of the patient. Bleeding events were divided into the categories "life threatening," "major," and "minor."
Central Data Analysis
All TCD tapes were coded, randomized, and then analyzed blinded to patients' identity by a single observer in the Central Reading Station. International Consensus Criteria 30 were used to identify MES according to their characteristic spectral and acoustic appearance. Analysis was performed with a 128-point fast Fourier transform and a time window overlap of Ͼ50%.
Platelet Studies
In addition to TCD recordings, collagen-induced platelet aggregation tests on platelet-rich plasma were performed locally at baseline and at day 7 with the use of the turbidimetry method of Born and Cross. 32 The test was standardized across participating centers that were provided with the same batch of collagen reagent and a dilutional protocol intended to achieve a concentration of 2.5 g/mL. All aggregation tracing recordings were centrally validated by a blinded observer, and those considered of good quality were analyzed according to internationally established standards. 33 Results were expressed as aggregation intensity, corresponding to the percentage of light transmission obtained with platelet-rich plasma in comparison to the baseline obtained with platelet-poor plasma.
Sample Size Calculations
A sample size of 100 (50 patients in each study group) was selected.
The assumption was made that 70% to 80% of the monotherapy group (70% of patients with prior aspirin therapy for Ͻ1 week and 80% for patients with prior aspirin therapy for Ն1 week) would remain MES positive; these figures were derived from review by the steering committee of original data from a number of studies (References 8, 10, and 12 and H.S. Markus, FRCP, unpublished data, 1994 -2001 in which recordings had been repeated in patients with carotid stenosis on aspirin. The detectable risk reduction compatible with 80% power and significance of 0.05 was 35% to 41%. This reduction was within the range of the reduction in MES reported in previous small single-center studies comparing aspirin to dual antiplatelet therapy 21, 22 and in unpublished data on the combination of clopidogrel and aspirin (V. Larrue, MD, unpublished data, 1999 -2001).
Statistical Methods
The primary analysis was performed with the use of offline central analysis of MES recordings. The primary end point was compared between the treatment groups with the Fisher exact test. Analyses were performed on both an intention-to-treat (ITT) basis and on the per protocol population. For ITT analyses, data were included from all randomized subjects whose relevant offline analysis recordings were of sufficient quality. A treated subject who dropped out before day 7 because of TIA or ischemic stroke was considered MES positive. The per protocol population was defined as those treated patients who were confirmed as MES positive at baseline (by offline analysis) and who completed the study with MES assessment by offline analysis on day 7 or who dropped out before day 7 because of TIA or ischemic stroke without major violation of protocol. This analysis was planned because the definitive recording determining whether a subject was MES positive was considered the central blinded offline analysis, which was considered more consistent and reliable than the baseline online analysis performed by different investigators in each center. Homogeneity of the treatment difference among centers was determined for MES positivity by testing for and excluding (PϾ0.05) center-by-treatment interaction with the use of a likelihood ratio test in a log-linear model. For analysis of frequency of embolization, rates of 0 MES per hour (ie, MES negative) were replaced by 0.3 MES per hour to facilitate a log transformation performed to reduce skewness and the number of outliers. The values for log of the percentage of baseline rate were compared by t tests. Center-by-treatment interaction was tested by 2-way ANOVA. The embolization rate reductions with 95% CIs are presented after an anti-log transformation of the results. The Cochran-Armitage trend test was used to analyze the correlation of recurrent events and MES rates without adjustment for treatment to most easily allow for events that occurred after baseline and before treatment. These analyses used the online MES rates in place of unavailable offline MES rates to be able to use the entire ITT safety population and all recurrent events. Baseline characteristics were compared with the 2-sample t test for continuous data and the Fisher exact test for categorical data.
Results

Study Population
A total of 230 patients were screened with TCD. MES were detected in 110 (47.8%) during initial screening online analysis. Of these 110 eligible patients, 107 were randomized, of whom the number recruited from each center were as follows: Toulouse 5, Chemnitz 7, Düsseldorf 14, Giessen 4, Magdeburg 5, Münster 16, Bern 7, Glasgow 11, Leicester 4, London 24, Manchester 10.
The numbers available for each of the ITT analyses are shown in Table 1 . Two withdrew consent after screening recordings, and one was discovered to already be taking clopidogrel. Fifty-one were randomized to dual therapy and 56 to monotherapy. During offline analysis of 6 baseline tapes (3 dual therapy, 3 monotherapy), MES were not identified. Five further baseline tapes (3 dual therapy, 2 monotherapy) were of insufficient quality for offline analysis. One additional patient (dual therapy) withdrew because of myocardial infarction. Therefore, 44 dual-therapy and 51 monotherapy patients were included in the per protocol analysis. Table 2 summarizes demographic and other baseline data in the 2 groups. The qualifying event was TIA in 61.7% and stroke in 38.3%. Forty percent of patients had experienced Table 3 .
Primary End Point
On ITT analysis there was a significant reduction in the primary end point: 43.8% of dual-therapy patients were MES positive on day 7 compared with 72.7% of monotherapy patients (relative risk reduction 39.8%; 95% CI, 13.8 to 58.0; Pϭ0.0046). On the per protocol analysis there was a similar reduction: 45.5% of dual-therapy patients were MES positive on day 7 compared with 72.5% of monotherapy patients (relative risk reduction 37.3%; 95% CI, 9.7 to 56.5; Pϭ0.011). Center-by-treatment interaction was not significant.
Secondary End Points
On ITT analysis, MES frequency per hour was reduced by 61.4% (95% CI, 31.6 to 78.2; Pϭ0.0013) in the dual-therapy group at day 7 and by 61.6% (95% CI, 34.9 to 77.4; Pϭ0.0005) at day 2. The results are shown in Figure 2 . The proportion of MES-positive patients at 24 hours was nonsignificantly reduced (dual-therapy group 56.0% versus monotherapy group 74.1%; relative risk reduction 24.4%; 95% CI, For analysis of the primary end point, all subjects were included. The secondary analysis of MES frequency as a percentage of baseline could only be performed in subjects in whom MES were confirmed on central analysis of baseline recordings. Data from the dual-therapy subject who withdrew because of myocardial infarction was available on day 2 but not on day 7. Ϫ1.2 to 43.5; Pϭ0.065). There were similar reductions in the per protocol population. MES frequency per hour in the dual-therapy group compared with the monotherapy group was reduced by 61.2% (95% CI, 31.7 to 78.0; Pϭ0.0013) at day 7 and by 62.7% (95% CI, 37.6 to 77.7; Pϭ0.0003) at day 2. The proportion of MES-positive patients at 24 hours was nonsignificantly reduced (dual-therapy group 56.8%, monotherapy group 76.0%; relative risk reduction 25.2%; 95% CI, Ϫ1.0 to 44.7; Pϭ0.078). Center-by-treatment interaction was not significant for any secondary end point.
During the 1-week follow-up, 4 monotherapy patients suffered recurrent ipsilateral ischemic stroke compared with none in the dual-therapy group. Seven monotherapy patients experienced recurrent ipsilateral treatment emergent TIA compared with 4 dual-therapy patients. Additionally, 2 dualtherapy patients experienced recurrent ipsilateral TIA only before treatment began. Brain imaging confirmed absence of hemorrhage in all cases. The presence and frequency of MES at both baseline and day 2 were correlated with the presence of recurrent ipsilateral TIA and stroke. The 17 subjects who had further ipsilateral TIA or stroke during the 7-day follow-up had higher baseline MES frequency than the 90 without recurrent ipsilateral events (meanϮSD: 24.4Ϯ27.7 versus 8.9Ϯ11.5 per hour; Pϭ0.0003). The 14 subjects who had further ipsilateral TIA or stroke after the day 2 visit had higher day 2 MES frequency than the 92 without (1 patient withdrew before the second TCD) (meanϮSD: 16.1Ϯ21.4 versus 6.0Ϯ10.7 per hour; Pϭ0.0063).
Platelet Studies
A total of 71 (31 dual-therapy and 40 monotherapy) patients had both baseline and day 7 tracings available and validated. Mean maximum intensity of platelet aggregation at day 7 was 106.7% of baseline in the monotherapy group and 70.9% in the dual-therapy arm (relative risk reduction 36.0%; 95% CI, 20.5 to 48.5; Pϭ0.0001). Center-by-treatment interaction was not significant.
Side Effects
Adverse events in the 2 groups are shown in Table 4 . There was no significant difference in bleeding between the 2 groups, with no episodes of life-threatening, major, or intracerebral hemorrhage in either group. There were 3 minor bleeding events: 2 on dual therapy (1 epistaxis, 1 mild hemorrhage not otherwise specified) and 1 on monotherapy (epistaxis).
Discussion
These results demonstrate that, in actively embolizing patients with recently symptomatic carotid stenosis, combination therapy with clopidogrel and aspirin is more effective than aspirin alone in reducing asymptomatic embolization. There was a 40% relative reduction in the proportion of patients embolizing at 1 week and a more marked reduction in the frequency of MES. A rapid treatment response was found, with a similar magnitude of effect on rate of embolization at day 2. Similar results were found with the use of both ITT analysis and our prespecified per protocol analysis. The TCD results are consistent with those from the platelet aggregation studies, with the addition of clopidogrel resulting in a significant reduction in platelet aggregation. There has been limited evidence for dual antiplatelet therapy in the secondary prevention of stroke. The European Stroke Prevention Study 2 (ESPS2) demonstrated an additive effect of dipyridamole with aspirin, 34 but the combination appeared less effective in other smaller studies. 1 The recent MATCH trial found no additional benefit of aspirin and clopidogrel over clopidogrel alone in the secondary prevention of stroke over an 18-month follow-up. 27 This study population differed from CARESS in a number of important aspects. All types of ischemic stroke were included, with an overrepresentation of patients with small-vessel disease, a group in whom the underlying process is not embolism from atherosclerotic plaque and who have a lower risk of early recurrent stroke. 35 Furthermore, MATCH recruited most patients several weeks after the acute phase, when the risk of recurrent events is highest. 35 The results of CARESS suggest that dual antiplatelet therapy with clopidogrel and aspirin is likely to be more effective in patients with large-vessel atherosclerotic stroke in the acute phase. The differences from MATCH emphasize the heterogeneity of stroke and therefore the need for examining the effect of therapies on different stroke subtypes. They also emphasize the need for examining efficacy during the acute phase, as well as for long-term secondary prevention. 35 It is possible that acute atherosclerotic stroke behaves in a fashion similar to that of acute myocardial ischemia; for example, in the Clopidogrel in Unstable Angina to Prevent Recurrent Events (CURE) study, in which the combination of clopidogrel and aspirin was more effective than aspirin alone in acute coronary syndrome, patients were only entered within 24 hours of symptom onset. 25 The CARESS results demonstrate the feasibility of using TCD detection of MES as a surrogate end point for evaluating antiplatelet therapy. Previous small single-center studies 20 -22 have used this technique, and a recent large single-center study in patients undergoing carotid endarterectomy in the immediate postoperative period also demonstrated that the combination of clopidogrel and aspirin was more effective than aspirin alone in reducing MES. 36 However, CARESS is the first multicenter trial to use this method. The results demonstrate the power of this technique to detect treatment effects in relatively small groups of patients, far less than those required with the use of a clinical end point such as stroke. We also found that the relative reduction in our TCD end point was of a magnitude similar to the 36% relative reduction in our platelet aggregation studies.
We chose the dichotomous end point of the presence or absence of MES rather than their frequency. This is because previous natural history studies have used this cutoff when determining associations between MES and stroke and TIA risk. 10, [15] [16] [17] [18] [19] However, our results demonstrate that by using the frequency of embolic signals rather than their presence or absence, a more significant treatment effect was demonstrated. The use of this end point may therefore allow treatment effects to be demonstrated with a smaller sample size in future studies.
In this study MES were detected in 47.8% of patients at screening during a single hour's recording. This is very similar to previously published results 8 -12 and emphasizes how frequently asymptomatic embolization occurs in this patient group. During the 1-week follow-up, there was a high rate of recurrent ipsilateral ischemic events in the monotherapy group, with a 7.1% risk of stroke and 12.5% risk of recurrent TIA. Therefore, the presence of asymptomatic embolization identified a high-risk group. Furthermore, the MES rate at both baseline and day 2 was significantly higher in patients who suffered recurrent stroke and TIA during the 7-day and day 2 to 7 follow-up period, respectively. This is consistent with a number of prospective studies showing that the presence of MES is associated with a markedly increased risk of recurrent stroke and TIA. 10, [15] [16] [17] [18] [19] [20] It is also consistent with recent epidemiological data demonstrating a high risk of early recurrent stroke after TIA or minor stroke, of Ϸ8% to 12% at 7 days and 17% to 18.5% at 1 month. 2, 3 Patients with carotid stenosis appear to have a particularly high recurrent stroke risk. 4 The 1-week risk identified in these studies is very similar to the 7.1% risk in subjects treated only with aspirin. These converging lines of evidence suggest that patients with carotid artery stenosis, identified either by very recent events or the presence of MES, are a very high-risk group who should be considered for dual or perhaps even triple antiplatelet therapy. Data from the European Carotid Surgery Trial (ECST) and North American Symptomatic Carotid Endarterectomy Trial (NASCET) demonstrated that endarterectomy reduces recurrent stroke risk in patients with Ն70% stenosis. 37, 38 These results emphasize the importance of operating urgently in patients whenever possible. However, many surgeons recommend waiting for a few weeks to operate in patients with completed stroke, and in many countries endarterectomy is delayed because of logistics or a resource shortage. To ensure that no delay occurred by enrolling patients in CARESS, we performed a prospective audit of a subset of 28 enrolled and 57 excluded consecutive patients considered for study entry; average time to carotid surgery or stenting was 34 (SD 20) days in patients randomized into CARESS, 44 days 27 in patients entered but who were not randomized because of no MES at baseline, and 47 days 33 in patients not entered. Therefore, there was no delay in patients entering the study. More importantly, although the delays partly reflect reluctance to operate on patients early after stroke because of concerns about early operative risk, they emphasize that in the "real world" patients are waiting too long for surgery. Therefore, even when patients are waiting for planned carotid endarterectomy, combination antiplatelet therapy appears an attractive option.
A rapid onset of action is important in the acute phase, and therefore we used a 300-mg loading dose of clopidogrel, which has been used in the acute coronary setting. 25 The use of a loading dose has been shown to result in more rapid inhibition of platelet aggregation with an antithrombotic effect apparent within 90 minutes and maximal within 6 hours. 39 We found a rapid onset of action and no excess of bleeding complications when it was administered over a short time period of 7 days. This is in contrast to the MATCH study, in which the long-term administration of the combination resulted in significantly more bleeding complications than clopidogrel alone. 27 Even in the dual-therapy arm, 44% of subjects still had MES on day 7. This suggests that even more effective therapy may reduce MES and recurrent stroke to a greater extent. A small study with the novel antiplatelet agent S-nitrosoglutathione found a greater reduction in MES frequency, 21 suggesting even more potent antiplatelet regimens may have benefit if they are not associated with excessive bleeding. Alternatively, additional approaches targeting other parts of the process, such as inflammation and monocyte aggregates, which could also contribute to MES formation, may be beneficial.
In conclusion, CARESS has demonstrated that dual antiplatelet therapy with clopidogrel and aspirin results in a rapid reduction in asymptomatic embolization compared with aspirin alone. It has also demonstrated the feasibility of using TCD MES detection as a surrogate marker to evaluate the relative efficacy of different combinations of antiplatelet therapy before much larger trials with clinical end points.
